In some rodents, somatotopically organized architectonic patterns corresponding precisely to the arrangement of the vibrissae on the face are found in each of the central stations of the trigeminal (V) pathway. Two lines of evidence indicate that these architectonic patterns reflect the level of peripheral innervation. First, in normal mice, the sizes of the individual units within the cortical representation are proportional to the number of fibers supplying the corresponding vibrissal follicles. Second, complete surgical denervation of groups of vibrissae can severely attenuate the sizes of and alter the patterns of their central representations. However, previous studies in this system do not distinguish the effects of the absolute and the relative levels of peripheral innervafion on central representations. To address this question, we have studied guinea pigs in which all vibrissae are partially deafferentated before birth by fetal exposure to antibodies against NGF. This approach reduces the absolute level of peripheral innervation in a graded way, and does so uniformly, without changing the pattern of vibrissal innervation.
In some rodents, somatotopically organized architectonic patterns corresponding precisely to the arrangement of the vibrissae on the face are found in each of the central stations of the trigeminal (V) pathway. Two lines of evidence indicate that these architectonic patterns reflect the level of peripheral innervation. First, in normal mice, the sizes of the individual units within the cortical representation are proportional to the number of fibers supplying the corresponding vibrissal follicles. Second, complete surgical denervation of groups of vibrissae can severely attenuate the sizes of and alter the patterns of their central representations. However, previous studies in this system do not distinguish the effects of the absolute and the relative levels of peripheral innervafion on central representations. To address this question, we have studied guinea pigs in which all vibrissae are partially deafferentated before birth by fetal exposure to antibodies against NGF. This approach reduces the absolute level of peripheral innervation in a graded way, and does so uniformly, without changing the pattern of vibrissal innervation.
In the most severely affected animals, only 18% of the normal number of V ganglion neurons survive. The effect of this loss on the V system was assessed by comparing the peripheral and central components of the vibrissal system in normal and NGFdeprived animals. Peripheral fibers from the V ganglion neurons, including those to the vibrissae, are less reduced in number (50%) than expected. The number of peripheral fiber fascicles is also decreased. In contrast, neither the patterns nor the areas of the central representations in medulla and cortex differ from those of normal animals. We conclude that (1) 18% of the normal number of V ganglion cells is sufficient to establish normal central architectonic patterns and (2) the size of the central vibrissal representations is independent of the absolute magnitude of peripheral innervation. These observations are of relevance to understanding the role of NGF on the morphogenesis of central somatosensory pathways, the effects of "mismatches" between peripheral innervation, and the development of projec-tions to central targets in the mammalian brain, and provide new data for understanding competitive interactions in the developing central and peripheral trigeminal system.
Understanding how peripheral structures come to be represented in a stereotyped topographic fashion within the CNS remains one of the fundamental goals of developmental neurobiology. The trigeminal system of some mammals has proved especially attractive for studies of this process because the representation of each whisker can be uniquely demonstrated histologically and physiologically throughout the CNS. The vibrissal pathway is represented schematically in Figure 1 . Neurons located in the V ganglion send peripheral processes to the whiskers (vibrissae) via the infraorbital nerve (ION). Their central processes synapse in the ipsilateral brain-stem trigeminal complex, which has four subnuclei: pars principalis (nVp), pars oralis (nVo), pars interpolaris (nVi), and pars caudalis (nVc). The second-order neurons in the brain-stem trigeminal nuclei project to the contralateral ventrobasal (VB) complex of the thalamus. The third-order thalamic neurons then project to somatosensory (SmI) cortex.
In many rodents, including guinea pigs, Nissl stains demonstrate multicellular units resembling "barrels" within each of the central V stations, which are homeomorphic to the patterns of vibrissae on the face (Ma and Woolsey, 1984; Van der Loos, 1976; Woolsey and Van der Loos, 1970; Woolsey et al., 1975; and P. K. M. Ma, personal communication) . These homeomorphic patterns can also be demonstrated with histochemical stains for mitochondrial enzymes at each level of the pathway (Belford and Killackey, 1979; Ma and Woolsey, 1984; WongRiley and Welt, 1980) or by retrograde and anterograde transport techniques (e.g., Arvidsson, 1982; Ivy and Killackey, 1982; Jacquin and Rhoades, 1983; Woolsey, 1978) . Electrophysiological recordings in rats and mice reveal functional organization consistent with the one-to-one correspondence between each vibrissa and each architectonic unit in the pattern of the anatomical representations in the cortex (Simons, 1978; Simons and Woolsey, 1979; Welker, 1976) and in the thalamus (Emmers, 1965; Verley and Onnen, 198 1; Waite, 1973) . In the cortex of normal mice, the cross-sectional area of each barrel is directly proportional to the number of cells comprising it, which in turn is directly proportional to the number of myelinated and unmyelinated axons innervating the corresponding vibrissal follicle (Lee and Woolsey, 1975; Woolsey and Dierker, 1982) . Thus, both the position and the innervation density of each whisker appear to be reflected in its central representations.
In numerous studies of mice and of rats, the vibrissal pad has been deafferentated by electrocautery or transection of the peripheral fibers innervating the whisker follicles. If surgical destruction of the vibrissal nerves occurs sufficiently early in neonatal life, the central vibrissal representations are altered. These Figure 1 . Schematic drawings of the vibrissal pathway and of the arrangement and nomenclature of the vibrissae on the face and their central representations in the brain-stem trigeminal nucleus pars interpolaris (nvi) and the cortex in guinea pigs. a, Organization of the vibrissal sensory pathway. Refer to the text for details. b, Arrangement of the whiskers on the left face. There are six rows of whiskers designated AFin a dorsal to ventral direction; each row contains four whiskers, except for B, which has three, and F, which has five. Whisker B-3 is indicated by the asterisk, whisker F-3 by the diamond. These peripheral receptor organs can be uniquely identified in each animal. Dorsal is up and rostra1 is to the left. c, Pattern of the whisker representation in the left nVi. The arrangement is homeomorphic to that on the face except that the rows, which abut the trigeminal tract, appear more uniform than those on the face. The representation of B-3 is marked by the asterisk, that of F-3 by the diamond. Dorsal is up and lateral is to the left. d, Arrangement of the vibrissal representation within the right primary somatosensory cortex. The B-3 representation is marked by the asterisk, the F-3 representation by the diamond. Anterior is up and medial is to the left. TRIGEMINAL  NERVE  MEDULLA  :  THALAMUS  CORTEX   midline   TRIGEMINAL  GANGLION   nv4  ,  VENTROSASAL  PRIMARY  COMPLEX  SOMATOSENSORY   -nvc  1  CORTEX alterations reflect the changes in the peripheral innervation precisely (i.e., Kaas et al., 1983; Woolsey et al., 198 1) . They are not a rearrangement of existing cortical architecture, but are present from the time that cortical architectonic patterns first appear (Jeanmonod et al., 1977) . For instance, if a single row of vibrissae is denervated during the appropriate critical period, the territories occupied by the thalamic and the cortical representations ofthe lesioned row decrease in size while the territories associated with the adjacent, uninjured rows increase in size. In the medulla, similar changes in the size of vibrissal representations have been reported in hamsters but are much less pronounced or absent in mice and rats (Belford and Killackey, 1980; Durham and Woolsey, 1984) . Functional results correspond to these anatomical alterations (Pidoux et al., 1979; Simons et al., 1984; Waite and Taylor, 1978) . After denervation of all the vibrissae, ION section or crush, the central patterns are altered such that in the most extreme cases homogeneous arrays of fibers and cells are seen and whisker-related architectonic patterns cannot be discerned (Woolsey et al., 1981) . In rats in which the ION was crushed at birth, (Waite and Cragg, 1982) , a cortical architectonic pattern was absent even though 30% ofthe ION fibers appeared to regenerate before the end of the cortical critical period. The finding raises the possibility that a threshold of peripheral innervation greater than 30% of the normal level is required to establish central architectonic patterns. Complete testing of this threshold hypothesis would require a system in which the innervation of the periphery could be reduced significantly in a graded way before central pattern formation begins.
The correspondence between the amount of whisker innervation and the size of the central vibrissal representations could be the result oftwo distinct developmental strategies. One would be to allocate central territory in direct proportion to the absolute magnitude of the innervation to each vibrissal follicle. A second C nVi d CORTEX strategy would be to divide all available central territory based on the relative innervation density of each follicle. None of the experimental methods utilized in previous studies distinguishes between these two possibilities. Separation of these developmental strategies should be possible if shifts in the relative levels of innervation could be eliminated while changing the absolute magnitude of peripheral innervation. Recently, experimental animals in which this question can be addressed have become available. In some species, in utero exposure to maternal antibodies against the physiological trophic agent NGF results in a substantial loss of sympathetic and neural crest-derived sensory neurons. Within the species examined (rabbits, rats, and guinea pigs), guinea pigs show the greatest sensory neuron loss (Gorin and Johnson, 1979; Johnson et al., 1980 Johnson et al., , 1982 Pearson et al., 1983 ). This appears to be because (1) guinea pigs mount stronger immunologic responses against their own NGF after immunization with mouse NGF , and (2) maternal antibodies are present in the fetal circulation in higher concentrations earlier in development and for a longer period in guinea pigs than in the other species (Brambell, 1970 ). An alternative means of producing a generalized sensory denervation is neonatal treatment with capsaicin. Systemic exposure to this toxin early in postnatal development destroys a subset of unmyelinated C fibers and their somata that transmit poorly localized pain (e.g., Nagy et al., 1980) . For purposes of this study, in utero NGF deprivation has significant advantages. First, because neurons die earlier in development, earlier events can be examined. Second, more neurons die than with capsaicin treatment. Finally, a heterogenous population of ganglion cells is lost, and the role of a generalized denervation rather than that of a smaller subset of neurons on pattern formation can be determined. The autoimmune approach is not very effective in the species-mice and rats-in which the vibrissa-barrel systems have been most fully char-acterized. This limitation can be overcome since the pattern of guinea pig vibrissae and their cortical representations have been partially described .
In spite of the value of the autoimmune model, the number of guinea pig offspring with profound sensory ganglion cell loss that can be generated is small. These animals survive at most for several days before they succumb to the complications of their neurological deficit. This paper reports a detailed morphological study ofthe trigeminal system with quantitative evaluation of various components of the pathway in normal and NGF-deprived guinea pigs. The organization of the guinea pig trigeminal pathway was determined first. Newborn control and experimental animals were evaluated clinically for somatosensory and nociceptive responses. The animals were prepared for light microscopy and counts of axons related to selected vibrissae, axons in the infraorbital nerve, and of cells in the trigeminal ganglion made. Central whisker projection patterns in the brain stem and cerebral cortex were reconstructed and measured. By comparing these values from a number of control and experimental animals, we have been able to characterize the anatomical changes, if any, in critical portions of this pathway as a consequence of in utero NGF deprivation. The results are both unexpected and interesting with respect to the questions outlined above and provide a substantial data base for further experimental evaluation of these rare but very interesting animals.
Materials and Methods

Animals
Hartley strain albino guinea pigs of both sexes were used. Animals weighing 80-l 00 gm were killed either on the first or second postnatal day (PND 1 or PND 2). Ten normal animals (from Issacs Lab Stock, Litchfield, IL) were examined histologically. The brains of five animals were stained to reveal Nissl substance and those of five animals for the mitochondrial enzyme succinic acid dehydrogenase (SDH). A total of 11 animals born to female guinea pigs immunized with mouse NGF (dams supplied by Charles River, Willmington, MA), 6 of which were severely affected (see below), were examined histologically. The brains of three severely affected animals were stained for Nissl substance and those of eight (three severely affected) to reveal SDH. NGF deprivation and evaluation NGF-deprived animals were produced as described by Johnson and his coworkers (1983) . Young female guinea pigs were immunized with 200 pg of 2.5 S mouse NGF and were boosted with 30 PLg at monthly intervals to maintain titers (see Fig. 2 ). The titer of antibodies cross-reacting with purified guinea pig NGF (Rubin and Bradshaw, 198 1) was determined using a modification of the chick dorsal root ganglion assay (Fenton, 1970; Levi-Montalcini et al., 1954) . The few dams that developed titers to guinea pig NGF greater than 500 were mated. As shown in Figure  2 , offspring were classified operationally as described before (Johnson et al., 1980 . Severely u&ted animals have higher titers against guinea pig NGF, do not respond to gentle noxious stimulation, and die shortly after birth. There is a correlated loss of over 80% of dorsal root ganglion cells. Moderately affected animals may have lower titers against guinea pig NGF, respond sluggishly to gentle noxious stimulation (when compared to normal animals), and survive the perinatal period. A 70% loss of dorsal root ganglion cells has been found in similar animals (see Johnson et al., 1983) . Antibody titers were determined for some of the present animals and were in accord with previous findings . In addition, sensitivities to tactile stimuli were assessed clinically by comparing the briskness, magnitude, and stereotypy of behavioral responses to gentle stimulation of the supraoptic and mystacial vibrissae in severely affected NGF-deprived animals and age-matched normal animals. Step ZZ, Antibodies that cross-react with guinea pig NGF are symbolized by the Ys.
Step ZZZ, NGF-deprived guinea pigs are born and differ clinically and histologically from normal newborn guinea pigs. The procedure is very effective in selected individuals, but the number of dams that develop high titers to guinea pig NGF is small and the number of NGF-deprived offspring are few and survive for only 24-48 hr after birth.
bodies. Nitrocellulose-embedded brains were sectioned at 50 pm and were stained with 0.12% thionin (e.g., Ma and Woolsey, 1984) . All quantitative comparisons between normal and NGF-deprived animals were based on the analysis of SDH-stained materials. SDH histochemistry was performed by the Belford and Killackey (1979) modification of the method of Nachlas et al. (1957) . Animals were anesthetized with an overdose of Nembutal and perfused transcardially with 10% glycerin in 0.5% formaldehyde. Brains were removed from the crania immediately, and blocked so that the brain stem could be cut transversely from the midcollicular level to the first cervical spinal segment, the thalamus cut horizontally, and the cortex cut in a plane tangential to the pia overlying the vibrissal representation in SmI (Zeigler, 1964) . Immediately after blocking, brains were frozen in dry-ice-cooled heptane (-70°C) and sectioned at 50 pm in a cryostat at -20°C. Sections were stained with 0.55 nM nitro blue tetrazolium and 0.05 M sodium succinate in 0.05 M phosphate buffer, pH 7.2, at 37°C until well colored.
Segments of the infraorbital nerves were cut distal to their entrance into the orbit through the infraorbital fissure and at a point 2.5 mm distal to the first transection (see Fig. 3 ). These ION segments, the facial skin, and the V ganglia were removed from the head and postfixed in 10% form01 saline for several days. The vibrissal pads of the faces were stretched out flat, dehydrated and embedded in paraffin; 15 pm serial sections were cut in a plane parallel to the skin surface . Every other section was stained with hematoxylin and eosin using standard protocols (e.g., Luna, 1968) ; the intervening sections were stained with silver using Ungewitter's protocol (195 1) to demonstrate nerve fibers. The ION segments were embedded in paraffin, cut transversely at 10 pm, and stained with silver (Ungewitter, 195 1). Pearson et al. (1983) N. interpolaris of V.
Somatosensory cortex 3 (4) 3(3) 3 (3) 3 (4) 3 (4) 3 (3) 3 (3) 3 (4) 3 (3) 2 (3) 1 (2) 5 (7) l (1) l (1) 3 (6) 3 (6) 4 (8) 3 (6) 4 (8) 3 (6) Trigeminal ganglia were embedded in paraffin, cut in 20 pm sections parallel to the long axis of the ganglion (horizontal with respect to the crania), and stained with thionin.
Quantitation Table 1 lists the specimens quantitated. Individual nerve fibers to the B-3 and F-3 follicles (whose locations on the face are shown in Fig. lb ) were counted at a magnification of 1146 x in the first section in which the fibers entered the capsule of the follicle (see Figs. 3b, 5); this level was clear in all specimens. The number of fiber fascicles within the nerves, outlined by the perineuronal sheaths, was assessed in camera lucida drawings of each follicle made from the same section in which the fibers were counted. Individual fibers and fiber fascicles within each proximal ION segment were counted in a single section midway through the nerve segment at a magnification of 1146 x . Some sections from both severely affected NGF-deprived and normal animals were drawn using the camera lucida for fiber and fascicle counts (see Fig. 4 ). Cell counts in the trigeminal ganglia were made using standard methodologies, i.e., alI neurons with nuclei containing visible nucleoli were counted in every 10th section (Konigsmark, 1970; Smolen et al., 1983) . In the brain-stem trigeminal nuclei, it is difficult to visualize the entire array of individual whisker representations in a single transverse section. The complete pattern of the vibrissal representation can be reconstructed by superimposing camera lucida drawings of all sections within each subnucleus on a drawing of a single section in which the pattern is relatively complete (see Fig. 6 ). The projected cross-sectional areas of such composite drawings will vary when the plane of sectioning is not truly transverse. The effects of such variation, which is common in cryostat-sectioned materials, on our quantitative comparisons ofnormal and NGF-deprived animals are minimal since (1) such deviations are equally likely in brains from normal and NGF-deprived animals, and (2) deviations in the angle of sectioning as great as 30" only increase the apparent cross-sectional area by 12%. Because of the curvature of the SmI cortex, it is not possible to visualize all of the individual whisker representations in a single tangential cortical section. A composite drawing of the complete pattern was made by aligning camera lucida drawings of three to four serial sections using representations of individual whiskers and blood vessels as guides.
All reconstructions of the central vibrissal representations were made without knowledge of whether the animal was normal or NGF-deprived. The cross-sectional areas of the reconstructed representations of the entire vibrissal pad and of each vibrissal row within it were measured using an electronic tablet (Summagraphics Bit Pad One RS232). All counts (except those of the V ganglia) and measurements in normal and NGF-deprived animals were performed in a random sequence by the same investigator and repeated at least 3 x to insure consistency. Counts of the fibers and fiber fascicles at the B-3 and F-3 follicles were analyzed statistically using the Student t test for comparing two independent groups with similar variances. Statistical analysis ofmeasurements from nVi and the cortex employed the Behren's Fisher modification of the Student t test for comparing two populations with different variances (Snedecor and Cochran, 1967) .
Results
Normal anatomy and nomenclature
The vibrissal pads and brains of normal guinea pigs were examined to determine the arrangement of vibrissae on the face and the patterns and locations of the vibrissal representations in the CNS. The patterns in guinea pigs differ from those of mice and rats in that (1) there are six rather than five rows of vibrissae and of vibrissal representations, and (2) the rows are more irregularly aligned with respect to one another. The orientation of the representations within each station appear to be the same in mice, rats, and guinea pigs. Our observations are summarized in Figure 1 . On the face (Fig. lb) , the caudorostral row of whiskers are designated A-F in a dorsal to ventral progression. The rows are generally composed of four larger vibrissae, although row B has only three and row F has five. Within each row, individual vibrissae are numbered in the caudal to rostra1 direction. There are numerous small rhinal and labial sinus hairs.
Patterned representations homologous to the arrangement of the vibrissae on the face are in nVp, nVi, and nVc. As in other rodents, there is no pattern in nVo. The vibrissal representation is most conspicuous and consistently discernible within nVi; therefore, nVi was used for analysis in the brain stem (see Fig.  lc ). Electrophysiological and lesion studies needed to definitively identify individual architectonic units as the representations of specific vibrissae have not been done in guinea pigs. Based on functional studies in other rodents, the architectonic units homologous to whiskers in the dorsal parts of the vibrissal pad (i.e., row A) are located ventrally and those homologous to the caudal whiskers located laterally. The pattern actually appears to be more regular in nVi than on the face because the lateral architectonic units all abut the trigeminal tract. Although the vibrissal representation in nVi extends approximately 1 mm in a rostrocaudal direction, we were unable to find a single transverse section in which the entire pattern is clearly discemible. Generally, the dorsal rows of the architectonic pattern are visible in the rostra1 portion of this subnucleus and the ventral rows are clearest in the more caudal parts.
There is a vibrissa-related architectonic pattern within the ventrobasal complex of the thalamus. However, because so many fiber bundles run through VB, it is exceedingly difficult to distinguish the pattern of individual architectonic units reliably. Accordingly, no further analysis of the thalamic vibrissal representation was made.
In guinea pigs, the cortical vibrissal representation in SmI is clearly visible as Friede (1960) first illustrated.
In tangential sections, the architectonic representations homologous to the dorsal rows of whiskers are oriented posteriorly and those homologous to the caudal vibrissae within a row are oriented medially (consistent with the functional findings ofziegler, 1964). Representations of the sinus hairs on the remainder of the face are contiguous with the representations of the rostra1 mystacial vibrissae. Unlike the pattern observed in nVi, the pattern of the vibrissal representation in the cortex precisely reflects the irregularities in orientation of individual vibrissal rows on the face of an individual guinea pig.
Functional deficits in NGF-deprived animals
Sensory deficits observed in guinea pigs deprived of NGF prenatally have been described . The severely affected animals we studied anatomically did not respond to NORMAL ANIMAL NGF DEPRIVED ANIMAL noxious stimuli. We conclude that the nociceptive capacity of severely affected animals is functionally absent. Responses to manual stimulation of the vibrissae were much more variable. Initially, normal animals rapidly orient toward the side on which the mystacial vibrissae are stimulated. On repetitive stimulation, a normal animal will avoid the stimulus. In contrast, severely affected animals tend to become motionless after vibrissal stimulation, although, on rare occasions, they have been observed to orient toward or away from the stimulus. Stimulation of the supraorbital vibrissa normally elicits a mixture of orientation and avoidance responses; a blink has never been observed. Severely affected animals consistently respond to supraorbital vibrissal stimulation by blinking. Thus, it appears that NGF deprivation does not result in loss of the ability to respond to tactile stimulation within the region innervated by the ION even in the most severely affected animals. However, NGF deprivation is associated with deviations from behavioral responses observed in normal animals (see Fig. 2 ).
Anatomical changes in NGF-deprived animals
All components of the vibrissal system of normal and NGFdeprived animals were examined grossly and microscopically to verify and extend the previously reported changes in primary afferent innervation and to assess the impact of this decreased level of peripheral innervation on the central vibrissal representations. We found a marked decrease in the magnitude of peripheral innervation with changes in the organization of peripheral nerve fibers. Figure 4. Camera lucida drawings showing silver-stained axons from the infraorbital nerves of a normal and a NGF-deprived guinea pig (Fig. 3 , c, e. and e', shows photomicrographs of silver-stained axons such as those drawn here). As expected from Figure 3 , d and d', the ION from the NGF-deprived animal has a much smaller cross-sectional area. There are fewer fascicles of fibers, as well as fewer fibers, in the specimens from the NGF-deprived animal, which are enumerated. Lower magnification scale applies to the drawings of the whole IONS; higher magn$cation scale applies to the drawings of the individual fascicles.
of the central vibrissal representations appeared to be altered. The volume of the trigeminal ganglia of guinea pigs severely affected by NGF deprivation was dramatically reduced, as shown in Figure 3 , e, e'. In two such severely affected animals we found an 82% decrease in the number of V ganglion neurons (18,000 f 2020) in NGF-deprived animals (compared to 92,000 +-16,100 in two normal animals). The 82% reduction is identical to that reported by Pearson and his colleagues (1983) , who examined six severely affected siblings of the severely affected animals we have studied. Animals judged by behavioral criteria to be moderately affected by NGF deprivation show a cell loss of 69% in C8 dorsal root ganglia, and we presume there is a similar loss in V ganglion neurons in moderately affected animals . The proximal portion of the ION is visibly reduced in diameter as compared to normal animals (Fig. 3, d, d') . With the light microscope we are able to count 20,760 + 1880 silverstained nerve fibers in the proximal part of the ION of severely affected animals as compared to 39,110 + 8 120 at an equivalent level of the purely sensory ION of normal animals (see Fig. 4 ). The level of fasciculation is significantly (p i 0.005) reduced from an average of 20 fascicles in normal animals to 8 in the severely affected animals.
We were able to count an average of 82 and 88 fibers entering is comparable to that in a more ventral follicle (F-3, -47%), suggesting that the extent of deafferentation is uniform over all parts of the vibrissal pad. These results clearly indicate that both the number of primary afferent neurons and their peripheral processes to the vibrissal pad are significantly decreased in guinea pigs deprived of NGF in utero. In contrast to the substantial changes in the peripheral vibrissal innervation, the patterns of the whisker representations in the brain-stem trigeminal nuclei of severely affected animals are indistinguishable from those of normal animals as shown in Figure 6 , u-c. The mean cross-sectional area of the transverse reconstructions of the nVi representations of severely affected animals is 0.72 + 0.15 mm2 as compared to 0.60 f 0.09 mm2 in normal animals. This increase in size is not statistically significant 0, 2 0.05). As Table 2 shows, there are also no major differences in the relative sizes of the representation of individual rows of whiskers. Qualitative comparisons of the intensity NORMAL ANIMAL NGF DEPRIVED ANIMAL Figure 5 . Semischematic camera lucida drawings of two silver-stained vibrissae each from a normal animal and a NGF-deprived animal. The histology of the follicles, cut parallel to the skin surface, has been simplified to show the whisker hair, the cavernous sinus, and the connective tissue capsules for each example (see also Fig. 3, b and b' ). Each fascicle of nerves innervating each vibrissa is shown and the number of axons counted indicated. There are fewer nerve fibers at roughly equivalent levels of the follicles in the NGF-deprived guinea pig than in the normal animal. The 200 pm bar gives the magnification of the whisker follicles, the 50 Nrn bar the individual nerves.
of staining of trigeminal structures relative to that of other structures not known to be affected by NGF deprivation (e.g., the hypoglossal nucleus) do not indicate any significant differences in SDH staining between NGF-deprived and normal animals.
The patterns of the cortical vibrissal representations of severely affected animals are indistinguishable from those of norma1 animals ( 
a Averages from all specimens measured in mm2 ( x 10m2). * Expressed as a percentage of the total of all rows in parentheses.
(2.59 f 0.12 mm*) is virtually identical to that in normal animals (2.56 + 0.25 mmZ). As in nVi, there are no major differences in the relative sizes of the cortical representations of particular whisker rows ( Table 2 ). The quantitation of the trigeminal pathway in normal and NGF-deprived guinea pigs is summarized graphically in Figure  7 . The differences between NGF-deprived and normal animals are greatest in the V ganglia, significant but less than expected in the sensory periphery, and nil in the central vibrissal representations.
Discussion
This study of the effects of in utero NGF deprivation on the guinea pig somatosensory system is related to three heretofore seemingly different topics. First, the study is the first careful characterization of a major sensory pathway in animals subjected to early NGF deprivation. Second, the results extend experiments on mismatching, by underloading the sensory periphery, to the developing mammalian CNS. And third, the results are of interest for studies of the rodent trigeminal pathway in particular.
The observation that NGF deprivation of fetal guinea pigs could result in the loss of up to 85% of V ganglion cells immediately raised the possibility that the pattern and size of the central vibrissal representations would also be altered. We felt that an 85% deficit of the primary afferent neurons might lead to major changes in the central vibrissal representations. First, the central whisker representations would be abnormally patterned if more than 18% of the normal level of ganglion cells were required to form and/or maintain central patterns. Second, the size of the vibrissal representations would be reduced if the amount of central territory allocated were directly proportional to the magnitude of peripheral innervation. In the periphery, we found a smaller decrease in the number of fibers innervating the vibrissal follicles (50%) than in the number of V ganglion cells (85%). Centrally, the vibrissal representations in the brain stem and cortex were indistinguishable in both pattern and size from those of normal animals. These findings indicate that 18% of the normal complement of V ganglion neurons can establish normally patterned and sized central vibrissal representations. However, before discussing these re- sults, it is essential to consider whether the V ganglion cell loss resulting from NGF deprivation in utero occurs before or during the time periods in which previous studies have demonstrated anatomical plasticity of the central vibrissal representations. We do this by reviewing the time courses of antibody transfer in guinea pigs and of the NGF dependence of sensory neurons, and by reviewing the development of the guinea pig and the guinea pig brain as described in the literature.
Cell death occurs while the system is plastic Studies of immunity in guinea pigs indicate that there is significant transplacental transfer of maternal antibodies. Maternal antibodies begin to cross the placenta and enter the fetal circulation by the 30th day of gestation (E30). Between E30 and E50 the levels of antibodies in fetal blood rise rapidly, to become 2.5x that of the mother (reviewed by Brambell, 1970) . The transplacental antibody transfer continues after E50, but there is some disagreement as to whether antibody levels fall slightly (Barnes, 1959) , remain stable (Leissring and Anderson, 196 l) , or continue to increase (Al-Nadji, 1965 ). In our animals, the titer of anti-NGF in newborn sera is 50-100% that of maternal sera .
The relationship between sensory neurons and NGF has been examined using two experimental parameters: (1) sensitivity, which assesses the pharmacological effect of exogenous NGF on neurite extension, and (2) dependence, which monitors the neuron's physiological requirement for NGF in order to survive. Classical studies on chick embryos (reviewed by Greene, 1977) have found that the periods of NGF action determined using these two methods are very similar, but that a smaller less diverse population of neurons appears to be sensitive to exogenous NGF. In mice, in vitro NGF sensitivity of V ganglion neurons begins on El 1 and continues at least through birth at E2 1 (Davies and Lumsden, 1984) . Embryonic sensory neurons in mice and rats have also been shown to be dependent on NGF for survival in vitro (Varon et al., 1973) and in vivo (Gorin and Johnson, 1979) , but the time course of NGF dependence has not been characterized as well. At least 85% (perhaps all) of neural-crest-derived sensory neurons depend on NGF from peripheral targets for a limited period in development, one commencing shortly after the period of initial neurite extension in vivo (at E22 in guinea pigs) and continuing beyond the period of naturally occurring cell death. The results of autoimmune NGF deprivation (Johnson et al., 1980 , which are consistent with tissue culture studies in other species, demonstrate that guinea pig neural-crest-derived sensory neurons are physiologically dependent on NGF for survival during fetal life. Since 85% of neural-crest-derived sensory neurons die if exposed to maternal anti-NGF antibodies during fetal life, the period of NGF dependence in guinea pigs must overlap the period of transplacental antibody transfer (E30-E68).
The maturity of guinea pigs at birth might suggest that only parturition is delayed with respect to that in mice. However, comparison of various gestational events indicates that the initial development of the guinea pig is delayed. For the vibrissal system, events occurring early in gestation appear to be delayed by about 9 d. Trigeminal ganglion neurons appear from El 6 to El7 in guinea pigs (Scott, 1953) and from E9 to El0 in mice (Davies and Lumsden, 1984; Rugh, 1968) . Neurite extension from the V ganglion toward the maxillary process is first ob-served on E22 in guinea pigs (Scott, 1953) and El2 in mice (Davies and Lumsden, 1984) . Vibrissal follicle formation begins on E23 in guinea pigs (Scott, 1953 ) and E 11 in mice (Dun, 1959; Yamakado and Yohro, 1979) . The delays are longer later in fetal life. The cortex begins to assume its adult layered form on E41 in guinea pigs (Peters and Flexner, 1950 ) and on PND 6 or the 25th postconception day (PCD 25) in mice (Rice, 1975) . The barrel field in the cortex forms over E39-E41 in guinea pigs (Rice, 1983) and PND 6-PND 7 (PCD 25-PCD 26) in mice . These comparisons indicate a 14-20 d delay in the initial formation, maturation, and plasticity of connections within the vibrissal system of guinea pigs as compared to mice.
In rats and mice, there is a close correlation between the maturation of architectonic patterns in the central vibrissal representations and anatomical refractoriness to alterations produced by manipulation of the periphery (e.g., Belford and Killackey, 1980; Weller and Johnson, 1975) . In mice, the "critical" periods during which surgical deafferentation of the whiskers results in architectonic alterations of the central vibrissal representations appear to end on PND 5 (PCD 24) in the cortex (Jeanmonod et al., 198 1; Weller and Johnson, 1975; Woolsey and Wann, 1976) and before PND 3 (PCD 22) in the thalamus Woolsey et al., 1979) . In the mouse brain stem, the pattern but not the size of the vibrissal representations may be altered as a result ofsurgical denervation occurring as late as PND 10 (PCD 29); however, these observations are complicated by degeneration of the primary afferent fibers and Ma, unpublished observations) . This information suggests that the 85% V ganglion cell loss resulting from autoimmune NGF deprivation of fetal guinea pigs occurs well before the ends of the "critical periods" for establishing patterns in all of the central V stations.
Peripheral changes
The peripheral innervation density for tactile organs at the vibrissal pad can be determined by counting the nerve fibers that enter specific follicles. A particular whisker is easily identifiable in all animals of the same species. We found no apparent differences in the structure of individual whisker follicles or in their arrangement on the face between normal and NGF-deprived animals. The highly comparable decreases in the number of fibers supplying the earlier-developing B-3 follicle (47.5%) and the later-developing F-3 follicle (5 1.1%) show that the vibrissal pad is uniformly deafferentated. Our observation that the terminal innervation of the vibrissal follicles is not reduced to as great an extent as the V ganglion cells indicates that surviving sensory neurons can partially offset the loss of other primary sensory afferents.
The difference in the reductions of peripheral axons and of the number of V ganglion cells could be explained by (1) persistence of axon collaterals that are normally retracted and/or (2) active axonal sprouting in response to uninnervated target tissue. Transient axon collaterals, which often arise near the neuronal soma, are prevalent within the developing central (Clarke and Cowan, 1975; O'Leary and Cowan, 1982; O'Leary et al., 198 1; Rakic, 1977; Stanfield et al., 1982) and peripheral nervous systems (Bennett and Pettigrew, 1974; Brown et al., 1976; Lichtman, 1977; Lichtman and Purves, 1980; Redfern, 1970) . However, this developmental phenomenon has not been clearly demonstrated within the somatosensory periphery (e.g., Smith, 1983) , despite Speidel's (194 1, 1942) classical observations suggesting it. Sprouting of novel axon collaterals from the distal parts of intact axons in response to vacated targets has been described both centrally (Azmitia et al., 1978; Hulsebosch et al., 1984; Liu and Chambers, 1958; Stanfield and Cowan, 1979; Steward et al., 1976) and peripherally (Brown and Ironton, 1978; Courtney and Roper, 1976; Edds, 1953; Hoffman, 1952; Murray and Thompson, 1957) . There is considerable precedence for this phenomenon within the somatosensory system (e.g., Devor et al., 1979; Diamond, 1982; Jackson and Diamond, 1984; Wall et al., 1982; Weddell et al., 1941) .
One way to distinguish between the persistence of transient collaterals and the sprouting of novel collaterals is to examine the morphology of the primary afferent fibers in normal and NGF-deprived animals. Greater-than-normal branching near the soma would suggest that transient collaterals had been maintained, while more branching near the vibrissae would indicate the sprouting of novel processes. We counted axons in the whole ION, and it is possible that there could be a differential loss of vibrissal and nonvibrissal components of the ION with NGF deprivation. Given the generalized action of NGF at least for all neural crest derivatives (e.g., Pearson et al., 1983) , this would seem to be very unlikely. Furthermore, in other rodents it is known that 80-90% of ION-related Gasserian neurons innervate the vibrissae (Savy et al., 198 1) . Even if the figures were smaller in the guinea pig, which is unlikely from the central projections ( Fig. 5 ) and known cortical function (Zeigler, 1964) the changes observed in ION fiber counts still are largely, if not exclusively, related to axons to the whiskers. The findings of nearly identical decreases in the number of fibers within the proximal ION and its branches to individual vibrissal follicles support the hypothesis that some axon collaterals to the whiskers, which would normally be retracted, persist.
We counted the number of fiber fascicles within the proximal and distal parts of the ION to determine whether the intrinsic organization of the ION of NGF-deprived animals differed from that of normal animals. It has been suggested that fasciculation within the ION is important in guiding the primary afferent fibers to their appropriate targets (Erzurumlu and Killackey, 1983) . However, our results, showing a decrease in the number of fascicles and normal patterning of the vibrissal representation in nVi, indicate that a given pattern of fasciculation is not necessary for normal central pattern formation.
In rats, the majority of V ganglion cells stimulated by whisker movement respond to the deflection of only one vibrissa (Zucker and Welker, 1969) . It seems likely that the relative increase in peripheral fibers innervating the vibrissae following the loss of V ganglion neurons would obscure but not eliminate this usual precise pattern. The results of our behavioral tests for tactile sensibility are consistent with such a reduction in the precision of peripheral innervation. That the vibrissal pad is uniformly deafferentated, argues against distortion of specific vibrissal innervation as a consequence of shifts in the levels of innervation of individual vibrissae relative to one another.
The relative increase in peripheral fibers innervating the vibrissae raises the possibility that the central axons of the V ganglion neurons may be relatively more numerous in NGFdeprived animals. However, the anatomy of the brain-stem V complex makes it difficult to assess central V projections quantitatively. (We did not count the fibers in the trigeminal root, but studies addressing this issue are presently under way.) In the past, the roles of peripheral nerve fibers, primary afferent neurons, and their central projections in establishing the pattern and size of central somatotopic representations have not been clearly distinguished (for further discussion, see Jeanmonod et al., 1981) .
Central changes
The patterns of the vibrissal representations in the brain stem and cortex were examined in order to partially characterize the relationship between the number of primary afferents and the central architectonic patterns. Previous studies have raised the possibility that the peripheral innervation may be important only in the initial formation of central architectonic patterns, since surgical disruption of the whisker nerves after the mature architectonic patterns become discernible does not produce anatomical changes in the thalamic or the cortical vibrissal representations (Belford and Killackey, 1980; Durham and Woolsey, 1984; Killackey et al., 1976; Rice and Van der Loos, 1977; Weller and Johnson, 1975; Woolsey and Wann, 1976; Woolsey et al., 198 1) . Because primary afferents begin to enter the spinal trigeminal nucleus early in development-E22 in the guinea pig (Scott, 1953) and El3 in the rat (Erzurumlu and Killackey, 1983 )-well before they are destroyed by either NGF deprivation or surgery, the architectonic patterns observed may well reflect two distinct phenomena: (1) initial speczjication of a pattern and (2) its subsequent stabilization. There are no differences in the pattern of the vibrissal representations of normal and severely affected NGF-deprived animals, clearly demonstrating that 18% of the normal number of V ganglion cells and/or 50% of the normal number of peripheral axonsis sufficient to establish the normal central architectonic patterns. There are two interpretations of this result. First, active central pattern formation may require fewer than 50% the normal number of primary afferents and/or 18% of the normal number of ganglion cells. Second, and most probable, central pattern stabilization may depend on the initial pattern of peripheral innervation rather than its magnitude. It is likely that cell death resulting from NGF deprivation occurs after pattern specification but before pattern stabilization has taken place.
The quantification of the central vibrissal representations of normal and NGF-deprived animals was done to determine if the amount ofcentral territory allocated to a peripheral structure was directly proportional to the magnitude of the peripheral innervation. As we observed no significant differences in the size of the vibrissal representations in either nVi or in SmI cortex, the territory in a central nucleus or cortical field available to a given sensory representation, but not the pattern of that representation, would seem to be entirely independent of the periphery. This conclusion is consistent with previous work in mice and rats in which subsets of vibrissae were deafferentated during critical periods. The quantitative data from such experiments show that the extent of the total target regions is the same in partially deafferentated and normal animals even though the proportions of the target regions occupied by the representations of the damaged and uninjured vibrissae subsets had changed (e.g., Woolsey and Wann, 1976; Woolsey et al., 1979 ; for a fuller discussion, see Woolsey, 1978, pp. 359-360) .
It would not be appropriate here to review the extensive and complex literature on projection source-target interactions that has been developed using the retinotectal system of principally lower vertebrates. However, the present study and that of Ito and Seo (1983) , in which part of the SmI is removed, have similarities to "mismatch" experiments in which either the eye is partially extirpated-peripheral underloading-or the tectum was partially removed-target compression. In many species, both peripheral underloading and target compression experiments performed at the appropriate developmental time result in correct mapping of the retina on its target. In the latter, the entire map is compressed; in the former, the projections of the retina expand to fill the normal tectum. Ito and Seo's compression experiments show that the full map of the vibrissae will fill a smaller cortical target and that the relative size of the individual elements (whisker patches) is scaled down proportionately. Results from our work, a kind of peripheral underloading, demonstrate that relatively few sensory neurons will fill a central target and map to it appropriately. Together these results suggest that mammalian nervous systems obey the same rules that have been defined in "lower forms." One advantage of the rodent trigeminal system is that it is relatively straightforward to assess the projection patterns after a variety of manipulations. It is considerably more difficult to assess the projection patterns in the retinotectal system, the elegant experiments of Fujisawa (1982) and those of Thanos and Bonhoeffer (1983) notwithstanding.
The present data clearly indicate that a substantial, early, uniform partial deafferentation does not alter either the size or the distribution of central projections related to the whiskers. Earlier work from our laboratories Woolsey and Wann, 1976; Woolsey et al., 1981) and others (Jeanmonod et al., 1981; Waite and Cragg, 1982; Weller and Johnson, 1975) has shown that surgical manipulation of the periphery can prevent the proper formation of whisker-related patterns when the infraorbital nerve is cut or altered when the afferents to different groups of whiskers are interrupted. NGF deprivation destroys the peripheral neurons much earlier than postnatal surgery would. Surgical lesions appear to disconnect the system from information necessary for central projections to form appropriate patterns. The mechanisms by which this information is passed to, say, the thalamocortical projection are under active investigation but remain unknown. From experiments in which selected groups of vibrissae are deinnervated, it seems clear that intact parts of the system have a competitive advantage during critical periods in development by which they can effectively enlarge their projection territories at the expense of these disconnected and presumably less competitive neighbors (Guillery, 1972; Purves and Lichtman, 1980) . What the results from NGF-deprived guinea pigs indicate is that so long as the CNS is connected to the periphery and so long as the relative strengths of inputs from the periphery are maintained, then the appropriate segregation of central fibers will take place. In a word, the competitive balance between groups of fibers related to specific whiskers is still intact, resulting in normal looking, but possibly functionally altered, central projections. It is difficult to imagine how this important point could have been established experimentally without the guinea pig autoimmune model.
By several functional methods it is known that after lesions to selected groups of whiskers, the remaining whiskers project to the appropriate, if expanded, cortical territories. In this regard, the altered projections appear to be functionally normal. A number of workers have shown that these projections can be functionally abnormal (see Simons et al., 1984, for details) . As discussed at some length before, this observation is most economically explained by a peripheral mechanism. Our present observations on the patterns of peripheral innervation in the NGF-deprived guinea pigs indicate that a reduced number of trigeminal ganglion neurons can support a greater number of axonal branches than usual in the ION and in the sensory periphery. When this increased innervation develops in the guinea pig is not known, but it is conceivable that a peripheral balance is disturbed in both NGF deprivation and with lesions to groups of whiskers. In the deprived guinea pigs, this leads to altered behavior, which is consistent with an inability to accurately localize a peripheral stimulus; in animals with selective whisker damage, it could explain abnormalities in cortical receptive fields. The findings of both kinds of experiments are consistent with another kind of competition, which is part of the normal developmental process, namely, the competition of peripheral axons for peripheral territories (e.g., Diamond, 1982) . That both peripheral and central competition are important factors in the normal development of the mammalian somatosensory system seems to be unquestionable. Both will contribute to changes monitored in the adult brain after manipulation in early life. Neither seems to be a likely explanation for the forms of functional plasticity described in the studies of Merzenich, Kaas, and their colleagues (see Kaas et al., 1983 , for a summary). Vol. 6, No. 5, May 1986 Finally, the results of both partial SmI cortex removal and selective whisker deafferentation in neonates suggest that the detailed arrangement of peripheral projections to a central target are not specified genetically. In an earlier paper, it was proposed that the qualitative and quantitative organization of the periphery, under genetic control, might be sufficient to account for the pattern and size of central structures related to that periphery (Woolsey, 1978) . The present results suggest that epigenetic mechanisms are not at play to adjust the size of a central target. Thus, structures that are significantly attenuated, as the visual cortex of the mole (Allison and Van Twyer, 1970) or expanded, as the auditory cortex of the bat (Suga, 1984) , for example, may have arisen by selection for several mutations affecting the relevant portions of the pathways involved.
